Objective: To develop a patient-specific 3-dimensional (3D) printed drill guide for placement of cervical transpedicular screws and to assess its accuracy.
| I NT ROD UCTI ON
Surgical stabilization of the canine vertebral column is widely indicated to address a variety of conditions, including congenital malformations (eg, atlantoaxial instability), fractures/ luxations, and vertebral instability created by degenerative (eg, cervical spondylomyelopathy), infectious (eg, discospondylitis), and neoplastic diseases. [1] [2] [3] [4] Such stabilization has been achieved with implants placed within the vertebral pedicles or vertebral bodies, such as pins or screws with polymethylmethacrylate (PMMA) and vertebral body plates.
In humans, cervical pedicle screws (CPS) have consistently been reported as stronger than lateral mass screws, decreasing screw loosening and increasing pull out strength. 8 Resulting constructs were found more stable in 3-column fixation models 9 and after cyclic loading. 10 A minimum pedicle width of 4.5 mm is recommended for placement of 3.5 mm CPS, although 5 mm was required in one study. [11] [12] [13] In dogs, Watine et al. assessed the implantation corridors through the vertebral bodies of 86 C2-C6 vertebrae. The majority (68.6%) of these corridors measured less than 2.5 mm in diameter in dogs weighing on average 22 kg. 14 In humans, a pedicle breach of greater than 2 mm is generally considered critical due to the higher risk of neurovascular injury. 15 A cutoff value for critical breach of the cervical pedicle has not been defined in dogs. Navigational aids such as computer assisted surgery (CAS) or 3-dimensional patient-specific drill guides (3D PDG) are widely accepted in human surgery as conferring a higher degree of accuracy and safety for CPS placement, compared to free-hand and conventional fluoroscopic techniques (Table 1) . [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] CAS is currently the most widely used navigation technique. 31 However, 3D PDG technology now rivals CAS by allowing preoperative planning of pedicle screw trajectories and providing rigidly conforming templates for drilling the pilot holes. Combined, these advantages decrease surgical times and improve the accuracy of screw trajectories irrespective of vertebral alignment. [21] [22] [23] In a cadaveric study comparing the biomechanics of bicortical pins and monocortical screws with PMMA placed free-hand in the canine cervical vertebral column, 100% of bicortical pins violated the vertebral canal compared with a much lower incidence after monocortical screw fixation. 32 The angles for ideal screw insertion are of limited use in dogs, because of conflicting reports, inter-and intra-breed anatomical variations, and rotational effects of both surgical positioning and intraoperative probing or screwing on vertebral alignment. 14, 33, 34 Consequently, free-hand CPS placement in dogs is not recommended. 14, 33 The authors recently developed a 3D PDG, which permitted rapid, safe, and accurate placement of bicortical pedicle screws to stabilize a fracture of C2 in a 25 kg Pointer. 35 In light of this success and the high degree of accuracy achieved in human patients, we hypothesized that a 3D PDG in veterinary patients would allow accurate placement of CPS.
2 | M ATE RI ALS AN D ME THOD S
| Study population
This prospective case series enrolled consecutive patients undergoing cervical stabilization at a veterinary referral hospital between January and July 2016. Each patient was enrolled in the study with informed consent from the owner. Criteria for inclusion in this study were examination by a board-certified veterinary neurologist and subsequent acquisition of both magnetic resonance imaging (MRI) and computed tomography (CT) scans of the cervical vertebral column for diagnosis and surgical planning.
| Construction of the 3D patient-specific drill guide
A contiguous 0.625 mm slice CT scan (GE Brightspeed scanner; General Electric Medical Systems) of the cervical vertebral column was acquired following MRI in each patient. DICOM images from the CT were exported to a medical image processing software (OsiriX, Pixmeo SARL; Geneva, Switzerland) and used to make triangulated mesh representations of the required vertebrae. These representations were exported into a computer-aided design (CAD) software (Netfabb Professional, Netfabb GmbH; Parsberg, Germany), where a 3D virtual vertebral model (VVM) of each vertebra was created ( Figure 1 ). Each 3D VVM could be individually manipulated in all planes to allow precise planning of each pedicle screw trajectory, using a virtual cylinder of equal diameter to the screw being placed ( Figure 2 ). For each vertebra, a virtual drill guide (VDG) was created; the contact surface of each VDG was constructed as an inverted virtual representation of the ventral surface of that vertebra, such that the guide would fit securely onto that Conventional fluoroscopy-guided 13-55.1% 16, 18, 27, 28 Computed tomography-based CAS 2.9-12.5% 16, 17, 19, 29 3D patient-specific drill guide (3D PDG) 2.4-6% 22, 23, 30 F IGUR E 1 Sagittal image of C4-C7 virtual vertebral models within the computer-aided design software
vertebra in a unique position. The screw trajectories were projected into the VDG and, for each screw, used to create an appropriately orientated guidance sleeve for a drill bit with a diameter corresponding to the required pilot hole (Figure 3) . The VVMs and VDGs were then 3D printed in methacrylate photopolymer resin (Form 2 printer, Dental SG resin, Formlabs, Somerville, Massachusetts). The resin used to print the 3D PDGs was certified as both biocompatible and autoclavable (ISO Standard for Formlabs Vertex-Dental BV resin: EN-ISO 10993-1:2009/AC: 2010, USP Class VI, Utrecht, The Netherlands). The VVMs, including channels representing the planned screw trajectories, were also printed. These 3D printed vertebral models facilitated both practicing the 3D PDG fit and premeasuring the length of the screw holes prior to surgery (Figure 4 ). These were steam sterilized prior to surgery.
| Surgical technique
Using a ventral approach, the ventral surfaces of the vertebrae to be stabilized were exposed. The longus colli muscle was elevated from the cortex optimizing contact and therefore fit between the 3D PDG and cortex. Pilot holes were drilled and bicortical titanium locking screws placed. Subject to pedicle size, cervical vertebrae were instrumented with between 2 and 4 CPS; all screws were placed within the pedicles. A modified ventral slot was then performed using a high-speed burr at the site or sites of caudal cervical spondylomyelopathy. The key surgical aims were fenestration of the intervertebral disc(s) and debridement of the vertebral end plates to promote bone fusion. End-plate debridement was more extensive laterally and reduced craniocaudally compared with a standard ventral slot; the slot comprised approximately two thirds of the height of the vertebrae to ensure that the vertebral canal was not breached ( Figure 5 ). An allogenic demineralized bone matrix (DBM) graft (DBM, Veterinary tissue bank, Wrexham, UK) was then applied to the ventral slot(s) and the ventrally projecting screw ends were bonded with PMMA (Heraeus, Palacos R1G, Zimmer Biomet, Winterthur, Switzerland). Cervical CT imaging was performed immediately after surgery. The primary outcome measure was accuracy of CPS placement based on the presence and degree of cortical breach of the vertebral canal. The CT data were reformatted such that each screw were viewed along its long axis, permitting assessment of the accuracy of screw placement. Screws were graded 0 (no breach), 1 (breach <2 mm), 2 (breach 2 mm but <4 mm), and 3 (breach 4 mm) ( Figure 6 ).
The screw diameter to pedicle width ratio (SDPWR) was also determined in order to assess the margin for error for placement of each CPS. SDPWR was calculated using the VVMs and associated screw trajectories in the CAD software. Each VVM was orientated in an oblique plane perpendicular to the direction of the screw trajectory of the CPS being measured (Figure 7) . The screw trajectory was followed through the VVM to determine the narrowest medial and lateral distances between the trajectory and the pedicle wall and thus the narrowest pedicle width.
| R ES ULT S
A total of 32 screws were placed in the cervical vertebrae of three canine patients; every screw was bicortical and traversed the pedicle (Table 2 ). Screws measured 3.5 mm (n 5 20), 2.7 mm (n 5 11), and 2.4 mm (n 5 1) in diameter. The majority (29/32) of these screws were placed without evidence of vertebral canal breach (grade 0), whereas a vertebral canal breach <2 mm (grade 1) was detected in 3/32 screws; no screws were graded as 2 or 3. The grade 1 screws included one 2.7 mm and two 3.5 mm CPS; these violated the vertebral canal by 0. 
| D IS C US S I ON
The main finding of this study is that a 3D PDG allowed accurate and safe placement of 32 CPS in 3 dogs, as screws were placed with no violation (29/32 screws, grade 0) or less than 2 mm violation (3/32 screws, grade 1) of the vertebral canal. These results are comparable to those reported in the human literature (Table 3) . [16] [17] [18] [19] [20] [21] [22] [23] [24] The cause of the 3 grade 1 vertebral canal breaches in this series is unknown. In the current study, locking screws were selected to maximize core diameter and therefore strength for a given thread diameter in comparison to cortical screws. Such property was selected to improve resistance to bending. These screws were self-tapping and thus may have occasionally deviated from the pilot holes drilled with the F IGUR E 6 Transverse CT image of C5 with pedicle screws in place F IGUR E 7 Transverse (A) and oblique (B) views of a C6 virtual vertebral model; the oblique plane of B is perpendicular to the screw trajectory cylinder in A 3D PDG. Kaneyama et al. recently introduced a 3 step 'screw guide template' system, which involved 3 separate 3D guides for marking the points of screw insertion, drilling the guide holes, and inserting the screws, respectively. 23 They placed 80 screws, 97.5% of these graded as 0 and 2.5% as grade 1. The additional use of a 3D patient-specific screw guide may be considered as a strategy to enhance accuracy of screw placement in our study. The minor vertebral canal breach observed with 3 of our screws could also reflect the high average SDPWR in our specimens. This parameter provided an objective assessment of the margin of error when placing each screw. The mean SDPWR for all screws was 0.75, indicating that the average screw diameter filled 75% of the width of the narrowest pedicle width, resulting in a margin of error for CPS placement approximating 25% in this study. A minimum cervical pedicle width of 4.5-5 mm has been recommended for placement of 3.5 mm screws in humans, thus limiting the SDPWR to a maximum of 0.7-0.78. [11] [12] [13] The mean SDPWR was therefore similar to the recommendations established in humans for 3.5 mm, 2.7 mm, and 2.4 mm screws in the current study, with SDPWR approximating 0.74, 0.76, and 0.79, respectively. Placement of smaller screws would have reduced the risk of vertebral canal breach but would have compromised implant strength. Another potential source of inaccuracy related to a 3D PDG is the ability of the surgeon to optimize its unique fit onto the vertebral cortex. It is essential that all soft tissues within the guide footprint be removed to optimize the vertebral contact and fit, and thus avoid misdirection of the pilot holes.
A limitation of the current study consisted of the use of a human grading system to assess the accuracy of screw placement on CT images. This grading system was selected because of its wide acceptance and use in human medicine. 36 However, it is based on the dimensions of human cervical pedicles, which have been well established. Furthermore, the grading system used 2 mm increments, as it is widely accepted that a breach of the human cervical pedicle exceeding 2 mm represents a "critical breach." To the authors' knowledge, the dimensions of the canine cervical pedicles have not been published, nor has a cutoff value been identified to define a critical breach of the canine pedicle. The grading system used here may therefore not be optimal for assessing canine CPS placement accuracy. If so, direct comparisons between our results and those of human studies may not be appropriate. A further limitation of this study is the relatively low number of screws placed. As more procedures are performed with this new 3D PDG system, the accuracy of CPS placement and associated patient outcome will be determined. 0-0.6% 19, 29 All measurements were performed by the same individual to maintain consistency throughout the study. CT was selected over radiography for its documented superior accuracy in assessing screw penetration into the vertebral canal. 37 CT scan slice thickness of less than 3 mm has been found to improve accuracy when determining pedicle screw position. 38 Our study meets this requirement since slice thickness of 0.625 mm were used throughout. Furthermore, beam hardening artifact on CT images was minimized by selecting titanium screws rather than stainless steel, enhancing the accuracy of grading screw position. [39] [40] [41] Titanium screws also display higher maximum torque and angular stiffness, improving their resistance to cyclic loading. 42 
| C ONCL US I ON
The use of a 3D PDG permitted accurate placement of 32 bicortical pedicle screws in the cervical vertebrae of 3 canine patients. This technique may improve clinical outcome through superior biomechanical properties of screws, reduced surgical time, and reduced morbidity. These results warrant evaluation of patient outcome in a larger population.
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